Winter animals were maintained in the lab for four months under incrementally changing photo-, thermo-, and hygroperiod regimes that mimicked the transition to winter in their natural habitat, followed by euthanasia and brain collection. A subset of winter males (Experiment 1) were implanted with melatonin-filled or blank silastic capsules for a period of one month prior to euthanasia and brain collection. Brains of these males were processed for vasotocin immunohistochemistry. I quantified AVT-ir cell number in Experiment 1 males in the nucleus accumbens (NAcc), amygdala and caudal striatum (AMG), preoptic area (POA), suprachaismatic nucleus (SCN), and ventral hypothalamus (VH). Melatonin did not influence brain vasotocin-ir cell number in any brain region.
v List of Tables   Table 1. Photoperiod, temperature, and humidity regimes used for acclimatization of green treefrogs (Hyla cinerea). that laid eggs past the average first-egg date hatched chicks out-of-sync with the yearly peak in caterpillar abundance (their major food source) at their breeding grounds. Late hatchlings showed reduced capacity for compensatory weight gain as adults relative to on-time hatchlings (2) . In this example, mistimed reproduction had significant consequences on the physiology of offspring, persisting even into adulthood. This example is just one of many illustrating the importance of coordinating seasonal physiological rhythms with external environmental cues such as food availability, photoperiod, and social signals.
Neuroendocrine regulation of biological timekeeping: Role of melatonin
Neuromodulators and hormones are crucial signaling molecules that regulate physiology and organize behaviors. Accordingly, the neuroendocrine mechanisms by which animals synchronize their intrinsic physiological state with extrinsic environmental cues are vital to timing life-history events appropriately. One important endocrine transducer of environmental cues with respect to biological timekeeping is the indoleamine hormone melatonin, secretion of which is directly sensitive to photoperiod and temperature (3) (4) (5) (6) (7) . Melatonin is synthesized primarily in the pineal gland, but also in the alimentary canal and Harderian glands (8) . Regardless of the site of synthesis, melatonin is secreted only during scotophase (in darkness), such that the phase of the melatonin pulse encodes time of day, and the duration of elevated melatonin concentrations encodes day length (9, 10) . Further, this photoperiodic pattern of melatonin secretion is highly conserved across taxa; regardless of temporal niche or site of synthesis, melatonin synthesis is inhibited by light, and therefore begins at the onset of darkness (10) . Other environmental cues also influence melatonin synthesis and secretion. For example, in many ectotherms, such as Diamondback watersnakes (Nerodia rhombifer) and red-sided gartersnakes (Thamnophis sirtalis parietalis), decreased temperature depresses the amplitude of the nightly melatonin pulse, but the duration of the pulse is unaffected, providing even more specific information about environmental conditions (11, 12) . Therefore, it is the overall rhythm of melatonin synthesis and secretion, including the phase, duration and amplitude, that provides information about day length, day and night onset, and temperature. The result is a season-specific rhythm of melatonin secretion that organisms can use to synchronize their physiology and behavior with seasonally-changing environmental conditions.
Role of melatonin in regulating seasonal reproduction
Not surprisingly, melatonin influences seasonal reproduction in a variety of vertebrates (6, 13) . Among the most well studied of these are sheep, whose extensivelydocumented short-day breeding behavior is regulated principally by photoperiod-induced changes in melatonin (14) . Pinealectomized Suffolk ewes showed similar reproductive responses to those of unaltered short-day or long-day ewes when infused with melatonin in patterns mimicking short or long photoperiods, respectively. Thus, changes in the melatonin pulse duration are sufficient to induce reproductive condition in these animals (15) (16) (17) . In male green anoles (Anolis carolinensis), neither pinealectomy nor melatonin treatment influenced photoperiodic gonadal responses during the summer. However, during the winter, pinealectomy resulted in seasonal gonadal development, an effect that was blocked by subsequent treatment with melatonin (18) . Therefore, in anoles, the sensitivity of gonadal processes to melatonin is itself seasonally modulated. Thus, although melatonin appears to regulate reproduction in some vertebrate groups, reproductive responses to melatonin treatment and/or pinealectomy vary both seasonally and across taxa. Accordingly, although melatonin itself is well-studied the molecular mechanisms by which melatonin influences vertebrate reproduction remain enigmatic.
Neuropeptide regulation of seasonal reproduction
One possible mechanism by which melatonin may influence reproductive behavior is by altering the synthesis and/or release of reproductive neuropeptides in the brain (1, (19) (20) (21) . By altering neuropeptide signaling, melatonin could thereby synchronize the regulation of reproduction with optimal environmental cues. The neuropeptide arginine vasotocin (vasotocin) and its mammalian homologue, arginine vasopressin (vasopressin), are likely targets of melatonin in this context, as they are well-known modulators of reproductive and social behavior (22) (23) (24) (25) . Vasopressin, also known as antidiuretic hormone (ADH) for its role in regulating vascular tone and water retention, was originally identified by Wolfgand Bargmann and Ernst Scharrer in 1951 as a product of neurosecretory cells in the hypothalamus (26) . It was subsequently discovered that in addition to being synthesized in the hypothalamus (specifically the pre-optic area and the suprachiasmatic nucleus), vasotocin/vasopressin neuron populations have also been identified in the amygdala, nucleus accumbens and striatum (23, 27, 28) . While the neurosecretory vasotocin cells of the pre-optic area of the hypothalamus are wellunderstood to exert pressor effects and regulate water balance, the specific function of the other populations of vasotocin neurons remains enigmatic. However, neurohypophyseal hormones such as vasotocin and vasopressin can act on target neurons within the brain to influence neuronal firing rate (29) . For example, injection of vasotocin via microionophoresis significantly decreased spontaneous neuronal firing in the rat brain (30) . Overall, the neuromodulatory vasotocin and vasopressin have been found to be critical in regulating social and reproductive behavior across vertebrate taxa, and likely regulate these behaviors via localized modulation of nearby neurons (reviewed in 22, 31) .
A large body of work shows that treatment with exogenous vasotocin or vasopressin induces appetitive reproductive behavior in males of many vertebrate species including fish, anuran and urodelan amphibians, birds and mammals (22-24, 27, 32-37) .
For example, injection of exogenous vasotocin induces advertisement calling in many frogs (24, 33, (38) (39) (40) and courtship behavior, including clasping, in the rough skinned newt (Taricha granulosa) (34, 41) . Moreover, there is extensive evidence that the vasotocin/vasopressin neuropeptide system varies seasonally, with vasotocin/vasopressin neuron number being higher during the breeding season in many species (22, 25, 42) .
Despite ample evidence that vasotocin and vasopressin are modulated seasonally, and that these nonapeptides are potent regulators of social reproductive behavior, few studies have directly investigated melatonin's influence on the vasotocin/vasopressin neuropeptide system in vivo or in vitro (19, 20, 43) .
Influence of melatonin on the vasotocin/vasopressin neuropeptide system
Given the crucial role of vasotocin and vasopressin in seasonal reproduction, (47, 48) . However, in both cases, the consequences of these observations on social or sexual behavior remain enigmatic. (Table 1) . Non-reproductive, winter-acclimatized frogs (n = 13 males, 3 females) were then euthanized and their brains collected for MT1
immunohistochemistry. 2) for 5-7 minutes, after which a small incision (approx. 2-3 mm) was made on the lateral side of each animal, just posterior to the forelimb and slightly dorsal to the yellowish-white lateral stripe that is characteristic of this species. This stripe is bilateral and generally runs rostro-caudally from the upper lip to just anterior to the hind legs. A silastic capsule was inserted subcutaneously through the incision, which was then closed using one suture and a small quantity of tissue glue (VetBond, 3M Inc., St. Paul, MN., USA). All surgeries were performed within the environmental chamber to ensure frogs were not exposed to changes in ambient temperature. Frogs were allowed to fully recover from anaesthesia before being returned to their home aquaria. In Experiment 1, all animals within an aquarium received the same hormone treatment and were housed separately from Experiment 2 frogs. During the 4-week hormone treatment period, frogs were monitored daily to ensure that implants remained intact and proper healing occurred.
HORMONE MANIPULATION

As in Lutterschmidt and
TISSUE COLLECTION AND PROCESSING
Frogs were euthanized by immersion in 0.4% MS-222 in amphibian Ringer's solution (pH 7.2) for 4-10 minutes and rapidly decapitated. Implants from Experiment 1 animals were removed to confirm that they had remained intact for the duration of 
STATISTICS
I first used a t-test to confirm that body size, measured as snout-urostyle length and used as a proxy for brain size, did not differ significantly between treatment groups in Experiment 1. In Experiment 2, I used a two-way analysis of variance (ANOVA) with sex and season as between-subjects factors to confirm that SUL did not differ significantly between groups. Prior to analysis, all cell count data were checked for normality and equal variance using the Shapiro-Wilk test; data were transformed as necessary. In Experiment 1, I determined whether melatonin influences vasotocin-ir cell number in non-reproductive male green treefrogs using a t-test within each region of interest. A non-parametric Mann-Whitney rank-sum test was used to test for differences in vasotocin-ir cell number in the NAcc, as transformation failed to correct for nonnormality in these data. In Experiment 2, I used t-tests within each region of interest to test for differences in MT1-ir cell number between seasons and sexes. Because our sample size of nonreproductive females is too small to produce reliable results via twoway ANOVA, I restricted our statistical analyses to compare MT1-ir cell number between 1) reproductive and nonreproductive males and 2) reproductive males and females during the summer breeding season. All statistical comparisons were considered significant at p ≤ 0.05. 
RESULTS
Experiment 1: Influence of Melatonin on vasotocin-ir cells
Similar to previous studies (1, 25) I observed five discrete regions of vasotocin-ir staining in male frogs (Fig. 1) . Immuoreactive cell bodies were quantified in the nucleus accumbens (NAcc), the medial and lateral amygdala (AMG), the anterior pre-optic area (POA), suprachiasmatic nucleus (SCN), and ventral hypothalamus (VH). I also observed immunoreactive cell bodies in the magnocellular region of the POA, but was unable to consistently discern the boundaries between this area and the anterior POA due to the very high number of stained cells in these regions. Accordingly, ir-cells counted within the magnocellular region of the POA were grouped with cell counts from the anterior POA for analysis. Similarly, vasotocin-ir cells were observed in the caudal striatum, but the boundaries between this region and the amygdala were frequently unclear, so cell counts from the AMG represent the combined data from the central and medial AMG and the caudal striatum. Treatment with melatonin did not significantly alter vasotocin-ir cell number in non-reproductive male frogs in the NAcc ( Fig. 1C ; U = 22.00, df = 13, P = 0.536), AMG ( Fig. 1F ; t = 0.976, df = 13, P = 0.347), POA ( Fig. 1I ; t = 0.976, df = 13, P = 0.347), SCN ( Fig. 1L ; t = -0.304, df = 13, P = 0.766), or VH ( Fig. 1O ; t = -0.245, df = 10, P = 0.811).
Body size did not differ significantly between treatment groups (t = 0.127, df = 15, p = 0.901). In contrast to previous studies, I observed very few vasotocin-ir cells in the NAcc in both treatment groups. Most males showed no stained somata in the NAcc, although some fibres were observed toward the caudal end of the NAcc. In animals where staining was observed, only one to three vasotocin-ir cells were observed ( fig. 1A , E).
Experiment 2: Seasonal and Sex Variation in MT1-ir cells
I observed MT1-ir staining in many regions throughout the brain of green treefrogs (Fig. 2) . As expected, all staining disappeared when the primary antibody was pre-absorbed with 6µg MT1 peptide per ml antiserum ( Figure 3 ). In this study, I
quantified MT1-ir cell bodies in brain regions known to contain vasotocin cell or fiber populations, including the NAcc, AMG, POA, SCN, and VH. Rostrally, cells were quantified in the diagonal band of Broca, the NAcc, and the medial and lateral septum.
However, there were no discernable boundaries between any of these regions, and therefore I counted all cells in these areas as a group designated the NAcc region.
Similarly, due to the high numbers of cells in both the POA and the SCN, and the lack of a distinct rostrocaudal boundary between these cell populations, the POA and SCN were counted as one population. Cell bodies were also quantified in the medial and lateral 
Seasonal and Sex Differences in Vasotocin/Vasopressin: Regulation by Melatonin
The vasotocin/vasopressin neuropeptide system is a well-known modulator of social and reproductive behavior (22) . Seasonal variation in the vasotocin/vaso neuropeptide system has been extensively documented in a variety of vertebrates, and higher vasotocin/vasopressin neuron number during the breeding season is often observed (22, 25, 42) . Sex dimorphism in brain vasotocin is also widespread; males typically have more and/or larger vasotocin/vasotocin neurons than females (1, 22) . Based on these observations, sex steroid hormones have been suggested as potential mediators of seasonal and sex variation in vasotocin/vaso. Increases in brain vasotocin/vasotocin are frequently concomitant with seasonal increases in androgen concentrations (22, 25, 55) .
However, socially-induced increases in testosterone do not influence brain vasotocin in males in at least two species: green anoles (Anolis carolinensis) and green treefrogs (Hyla cinerea) (25, 56) . Further, though Lutterschmidt and Wilczynski (2012) found that although treatment with exogenous melatonin decreased vasotocin-ir cell number in the brain of green treefrogs, it did not influence plasma concentrations of sex steroid hormones. These results suggest that fluctuations in sex steroid hormones are not the primary mechanism driving seasonal variation in vasotocin-ir cell number. Rather, several studies have demonstrated that seasonal and sex differences in vasotocin/vasopressin may be mediated by the pineal hormone melatonin (1, 20, 43, 57) .
The indoleamine hormone melatonin is an endocrine transducer of photoperiod and temperature, and entrains endogenous rhythms to changing environmental contexts (3) . Not only does melatonin influence reproduction in many vertebrate taxa (1, 6, 58) , but it has also been shown to modulate brain vasotocin in both in vivo and in vitro studies (1, 59) . Accordingly, melatonin is a good candidate as a direct regulator of seasonal changes in brain vasotocin as it relates to reproduction. Recently, Lutterschmidt and Wilczynski (2012) showed that treatment of reproductively active male green tree frogs 
Previous studies have demonstrated that like cricket frogs (Acris crepitans)
reproductive male green treefrogs have significantly more vasotocin-ir cells in the NAcc than reproductive females (1, 23) , and our study shows that the same is true for MT1-ir cells. The NAcc is associated with appetitive and consummatory reproductive behavior in vertebrates, including advertisement calling (23, 60, 66, 67) . Only male green treefrogs produce advertisement calls (44) , therefore it is likely that the sex differences in the response of vasotocin neurons to melatonin reflect the sexually dimorphic mating strategies in this species, particularly during the appetitive phase. A similar finding in house sparrows (Passer domesticus) showed sexually dimorphic binding of 2- [125I]iodomelatonin (IMEL), an indicator of melatonin sensitivity, in the brain. In this study, male house sparrows showed IMEL binding in areas critical to song control, while females lacked IMEL binding in these areas (68) . Like anurans, vasotocin is known to regulate advertisement calling in seasonally breeding passerine birds (69, 70) , and in both groups, calling must occur at specific times of day. Therefore, it is possible that the increased melatonin sensitivity in brain regions related to appetitive sexual behavior like reproductive vocalization is related to seasonal regulation of advertisement call production.
Although the vasotocin/vasopressin system is very well studied, most studies have focused on males. In anurans and urodeles, sex dimorphism in brain vasotocin tends to be male-biased (23, 28, 71) , and treatment of males with vasotocin facilitates or increases male reproductive behaviors (23, 24, 34, 38, 39, 41, 72 
